ABSTRACT
INTRODUCTION
Matrix metalloproteinases (MMPs) are a family of at least 26 endopeptidases that have been associated with a number of invasive and metastatic human malignancies such as prostate, lung, breast, and colon cancer and are involved at multiple levels of tumor progression (1) . These proteinases, including MMP-2 and MMP-9 (gelatinases A and B, respectively), can degrade the extracellular matrix and basement membrane as well as growth factors, cytokines, and growth factor binding proteins (2, 3) , suggesting that they play an active role not only in promoting tumor cell invasion and metastasis but also in regulating the tumor microenvironment (4, 5) . In many cancers, stromal cells rather than neoplastic cells are the source of MMP production like MMP-9 (6, 7) and MMP-13 (8) . The expression of these MMPs in stromal cells is in some cases stimulated by factors expressed by neoplastic cells (9, 10) . In addition, MMPs contribute to the creation of a vascular stroma that presumably facilitates tumor cell proliferation. In particular, MMP-2 and MMP-9 play a positive role in activating angiogenesis by promoting the invasion of the extracellular matrix by microvascular endothelial cells and by increasing the bioavailability of vascular endothelial cell growth factor (11) (12) (13) .
Neuroblastoma is the most common extracranial solid childhood tumor. It arises from the neural crest and typically forms tumors in the adrenal medulla or paraspinal sympathetic ganglia of the abdomen, chest, or neck (14) . Although localized and well-differentiated tumors can be successfully treated by surgical resection eventually associated with adjuvant chemotherapy, the prognosis of regionally invasive (stage III) or metastatic tumors (stage IV) remains poor (15) . The most commonly involved sites of metastasis in neuroblastoma are the bone marrow, the bone, and the liver. We and others (16, 17) have previously reported the expression of two MMPs, MMP-2 and MMP-9, in human neuroblastoma primary tumors. In these analyses, we observed that MMP-2 was produced by both neoplastic cells and stromal cells but that MMP-9 was only expressed by stromal cells. The expression of these proteases and, in particular, MMP-9 was significantly higher in stage III and IV tumors, suggesting a positive role for these MMPs in neuroblastoma progression (17) .
Taking advantage of an orthotopic metastatic human tumor xenograft model in immunodeficient mice recently developed in our laboratory (18) , we have taken a pharmacological approach using a synthetic MMP inhibitor and a genetic approach using MMP-9-deficient mice to investigate the role of MMPs in neuroblastoma progression. Our data demonstrate a critical role for MMP-9 in the formation of mature blood vessels and in the recruitment of pericytes along endothelial cells. mouse strain for five generations and maintained in the homozygous null (ko/ko) state. Immunodeficient MMP-9 ko/ko mice were generated by successive intercrossing of ko/ko mice with RAG1 ko/ko mice to generate RAG1/MMP-9 double-deficient mice. All animals were maintained in a germfree barrier facility according to the guidelines of the Childrens Hospital Los Angeles Animal Care Facility. Animal experiments were reviewed and approved by the Institution Animal Care Utilization Committee at Childrens Hospital Los Angeles. In the orthotopic metastatic model, mice were placed under general anesthesia and implanted with a 1-mm 3 SK-N-BE(2) or SK-N-BE(2).10 tumor fragment sown on the left adrenal gland as described previously (18) . Animals were observed for signs of tumor growth (abdominal distension), local tumor invasion (leg palsy), weight loss, and distress. Animals developing signs of acute distress were sacrificed by CO 2 /O 2 euthanasia. At necropsy, cells from bone marrow, liver, and lung tissues were harvested and snap frozen for extraction of total cellular RNA. Fragments of liver and lung were obtained, fixed in 4% paraformaldehyde, and embedded in paraffin. Adrenal tumors were dissected, removed with the entire kidney, weighed, and sectioned in three pieces. One piece was fixed in 4% paraformaldehyde and paraffin embedded. Another piece was embedded in OCT, snap frozen in liquid nitrogen, and stored at Ϫ70°C. A third piece was snap frozen and stored at Ϫ70°C to obtain tissue lysates used for zymographic analysis. For the experimental liver metastasis model, 100 l of a SK-N-BE(2).10 cell suspension (10 7 cells/ml) were injected into the tail vein of 6 -12 week-old female B17 Scid mice. After 28 days animals were sacrificed, the liver was carefully dissected and macroscopic metastatic nodules were counted at the surface. Selected macroscopic nodules were also dissected, snap frozen in OCT, and stored at Ϫ70°C for additional analysis.
Matrigel Plug Assay. A total of 0.5 ml of Matrigel (10 mg/ml; Becton Dickinson Biosciences, Bedford, MA) mixed with 10 7 SK-N-BE(2).10 cells was injected s.c. in the abdominal midline of 8 -10-week-old male RAG1 ko/ko mice and RAG1/MMP-9 double-deficient mice. After 10 days, animals were sacrificed, and the Matrigel plug was harvested. One part of the plug was weighed and dissolved in Matrisperse (Becton Dickinson Biosciences) overnight at 4°C. After centrifugation at 15,000 rpm for 15 min at room temperature, the hemoglobin content in the supernatant was quantified using the Drabkin's procedure (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's instructions. A second part of the plug was fixed in 10% formalin, paraffin embedded, stained with H&E, and examined under a light microscope.
Prinomastat Preparation and Administration. Prinomastat (AG3340) was provided by Agouron Pharmaceuticals, Inc., a Pfizer Company (La Jolla, CA). Prinomastat was solubilized in acidified water (pH 2.3) at a final concentration of 20 mg/ml. The solution was filtered under sterile condition, stored at 4°C, and freshly made every 2 weeks. Prinomastat was given by gastric gavage using 22G feeding needles at a dose of 100 mg/kg twice a day, 6 days a week until sacrificed. Control animals received an equal volume of vehicle solution (acidified water).
Immunohistochemistry. The presence of endothelial cells in tumor tissue was determined by immunohistochemical detection of PECAM/CD31 and quantified on whole sections by using a computerized method recently described by us (21) . Briefly, frozen 7-m sections were incubated in the presence of a rat antimouse PECAM/CD31 antibody (Product 01951D; PharMingen, San Diego, CA). A biotinylated goat antirat antibody (Product 31831; Pierce, Rockford, IL) was used as secondary antibody. The sections were then incubated with an avidin-biotin-peroxidase complex (Vectastain ABC kit; Vector Laboratories, Inc., Burlingame, CA), revealed in the presence of 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma-Aldrich, St. Louis, MO), and counterstained in 1% methylgreen. Digital pictures of the whole tumor tissue sections were acquired using a high-resolution Polaroid SprintScan 4000 35-mm film slide scanner (Polaroid Corp., Cambridge, MA) and a PathScan Enabler 4000 microscope slide holder (Meyer Instrument Co., Houston, TX). Using MetaMorph 4.6 software, the endothelial area (EA), the microvessel density (MVD), and the mean vessel size (MVS) were determined on whole tumor tissue sections. For each tumor, a minimum of three serial sections were analyzed. The detection of tyrosine hydroxylase (TH), an enzyme specifically expressed by neuroblastoma cells (22) , was similarly performed by immunohistochemistry. Four-m sections from paraffin-embedded tissues were pretreated with Antigen Retrieval Citra (Bio Genex, San Ramon, CA) for 20 min in steam water. Slides were incubated with an antihuman TH monoclonal antibody (Pel-Freez Biologicals, Rogers, AR) at a 1:1000 dilution at 37°C for 30 min. The sections were then processed with Ventana Enhanced DAB Detection kit according to the manufacturer's instructions. Nuclear counterstaining was done with Mayer's hematoxylin. The presence of neoplastic cells in mouse tissues was quantified by calculating the number of TH-positive cells in 10 randomly chosen microscopic fields under ϫ400 magnification. For bromodeoxyuridine (BrdUrd) staining, mice were injected with BrdUrd (100 mg/kg) i.v. 1 h before being sacrificed to optimize incorporation in rapidly proliferating tumor cells compared with normal cells. The detection of BrdUrd was performed on 4-m paraffin-embedded tumor sections pretreated with 0.1% trypsin for 10 min and blocked with 0.5% rabbit serum and 0.1% Tween. The slides were then incubated in the presence of an anti-BrdUrd mouse monoclonal antibody (Product RPN202; Amersham Pharmacia Biotech, Inc., Piscataway, NJ) at a 1:50 dilution for 1 h at room temperature. After washing in PBS, the slides were incubated in the presence of a biotinylated goat antimouse antibody (Vector Laboratories, Inc.) at a 1:100 dilution for 30 min at room temperature. The sections were then incubated with an avidin-biotinperoxidase complex, revealed in the presence of 3,3Ј-diaminobenzidine tetrahydrochloride, and counterstained with Mayer's hematoxylin as previously indicated. The number of BrdUrd-positive nuclei in tumor cells was counted in five randomly chosen microscopic fields under ϫ200 magnification and calculated as a percentage of the total number of tumor cell nuclei in the same field. Sections were also examined for apoptosis and Ki67 expression. For apoptosis, we used the terminal deoxynucleotidyl transferase-mediated nick end labeling assay according to the instructions of the manufacturer (Apoptag Apoptosis Detection Systems; Serologicals Corp., Norcross, GA). For Ki67 expression, we used a monoclonal mouse antihuman Ki67 antibody as primary antibody (dilution 1:50; DAKO Corp., Carpinteria, CA) and a biotinylated multiswine antigoat, mouse, and rabbit immunoglobulin as secondary antibody (dilution 1:100; DAKO Corp.). The expression of MMP-9 was examined by immunohistochemistry on 4-m paraffin-embedded tumor sections pretreated with proteinase K (Roche Diagnostics Corp., Indianapolis, IN) at a concentration of 10 g/ml at 37°C for 5 min. After washing, the slides were incubated overnight at 4°C in the presence of 1:1000 diluted rabbit antimurine MMP-9 antibody as described previously (19) . A biotinylated goat antirabbit antibody (Vector Laboratories, Inc.) at a dilution of 1:100 was used as a secondary antibody. Slides were then treated with a horseradish peroxidase-conjugated streptavidin (Product RPN1231; Amersham Pharmacia Biotech, Inc.) diluted at 1:200 for 1 h at room temperature, revealed with 3,3Ј-diaminobenzidine tetrahydrochloride, and counterstained with 1% methylgreen. The detection of smooth muscle actin (SMA) was performed on 5-m paraffin-embedded sections, using a monoclonal mouse anti-SMA antibody (dilution 1:50; DAKO Corp.) as primary antibody and a biotinylated swine antigoat, mouse, and rabbit immunoglobulin as secondary antibody. To detect the presence of endothelial cells and pericytes in the same histological sections, we used paraffin-embedded tumor sections boiled in unmasking solution (Vector H3300) by three cycles of 4 min in a microwave (1300 W, power 5). We used a goat polyclonal anti-PECAM/CD31 antibody (Santa Cruz Biotechnology) and a mouse monoclonal antihuman SMA antibody as primary antibodies. As secondary antibodies we used a Cy3-conjugated donkey antigoat IgG (Jackson Immunoresearch) at a dilution of 1:200 and a FITC horse antimouse IgG (Vector Laboratories, Inc.) at a dilution of 1:200. Slides were examined at ϫ16 under a Leica fluorescent microscope and analyzed for red (PECAM/CD31) and green (SMA) fluorescence. Quantification was done using Metamorph 4.6 software.
Real-Time Reverse Transcriptase-PCR for the Detection of EGFPExpressing Cells. Quantification of mRNA coding for EGFP in total cellular RNA obtained from bone marrow, lung, and liver tissues was achieved by real-time reverse transcriptase-PCR. cDNA was obtained from total cellular RNA using the Moloney murine leukemia virus reverse transcriptase (Life Technologies, Inc., Gaithersburg, MD) in the presence of random primers. Values for the amount of EGFP RNA were normalized for the amount of 18 sRNA present in each sample. For the detection of EGFP mRNA, we used the following primers: sense primer: 5Ј-GAACTCCAGCAGGACCATGTG-3Ј; antisense primer: 5Ј-CTGCTGCCCGACAA CCA-3Ј; and fluorescent-labeled probe 5Ј-6FAM-CCCTGAGCAAAGACCCCAACGAG A-TAMRA-3Ј. For the detection of 18 sRNA, the sense primer was 5Ј-CGGCTACCACATC-CAAGGAA-3Ј, the antisense primer was 5Ј-GGGCCTCGAAA GAGTC-CTGT-3Ј, and the probe was 5Ј-TET-CAGCAGGCGCGCAAATTACCC-TAMRA-3Ј. The amplification reaction was performed in the presence of 1 g 1676 of cDNA, 200 nmol of each primer, 200 nmol of probe, and 25 l of Taqman Universal Master Mix (Applied Biosystems, Foster City, CA) for a total volume of 50 l. EGFP and 18 sRNA were amplified in separate wells. The amplification reaction included 40 cycles with a denaturation step at 95°C for 15 s and a primer annealing extension step at 60°C for 1 min. The analysis was performed using ABI Prism 7700 sequence detector (Applied Biosystems). For each plate, a standard curve of the cycle threshold (Ct) versus the relative amount of EGFP RNA was obtained by measuring the Ct value for SK-N-BE(2).10 total cDNA serially diluted in the presence of murine liver cDNA. The Ct of each sample was then converted in arbitrary units based on the standard curve and was normalized for the amount of 18 sRNA. Each sample was analyzed in duplicate, and the standard curve was performed using triplicate samples of each serially diluted mixture.
Transmission Electron Microscopy. Tumor samples were fixed with 2% glutaraldehyde in 0.1 M PBS (pH 7.4) for 3 h and postfixed with 2% OsO 4 for 1 h. The samples were then dehydrated through graded ethanol solutions and embedded in Epon. Ultra-thin sections were cut, mounted on collodion onehole grids, stained with uranyl acetate and lead citrate, and examined with a Philips CM12 transmission microscope.
SDS-Polyacrylamide Gelatin Zymography. Frozen tumor tissues were homogenized in lysis buffer [10 mM Tris HCl (pH7.4), 150 mM NaCl, 10% glycerol, and 1% Triton X-100]. Aliquots of tumor lysates containing 10 g of proteins were loaded on a 1% gelatin, 0.1% SDS, 8% polyacrylamide gel, and electrophoresed at 120 V for 2 h at 4°C. After electrophoresis, gels were incubated overnight at 37°C in substrate buffer [50 mM Tris, HCl (pH 7.4), and 10 mM CaCl 2 ], stained with Coomassie Brilliant Blue, and destained in methanol:acetic acid:water (50:10:40). Aliquots of serum-free conditioned media from human HT1080 cells and murine NIH3T3 cells were used as markers for human and murine MMP-2 and MMP-9.
Fluorescent Angiography. Tumor vasculature was visualized by fluorescent angiography using a FITC-labeled Lycopersicon esculentum lectin (Vector Laboratories, Inc.) injected i.v. (100 g in 100 l of 0.9% NaCl) in mice. Two min after lectin injection, mice were anesthetized with 2% avertin, the chest was opened, the right atrium was incised to drain the blood, and the vasculature was washed free of blood by slow perfusion of 20 ml of 0.9% NaCl into the left ventricle. Tumors were then harvested and examined unfixed under fluorescent confocal microscopy. We used a Leica SP confocal DM IRBE-inverted microscope with a 488-nm argon ion laser and a RSP500 beam splitter. Detection of the Lycopersicon esculentum lectin was achieved with a 503-537-nm emission band, and nonconfocal visualization of the tumor, suture, and fat tissue was done with a 488-nm transmitted light channel. Datasets typically represented 1000 ϫ 1000 ϫ 120 m (512 ϫ 512 pixels ϫ 61 planes). The analysis used the entire z-series of all three channels.
Statistical Analysis. Kaplan-Meier plots and the log-rank test were used to compare survival time between the Prinomastat-treated and the control mice. Survival time was calculated as the days from the date of tumor implantation to the date of death. The effect of Prinomastat on macroscopic tumor growth was tested by using a two-sample t test comparing the tumor weights of mice in the treated group and in the control group at day 28. The analysis for cell proliferation was based on arcsine-transformed data. ANOVAs were performed to test the difference in EGFP expression in tumor cells in the lung and the liver, comparing the control and the Prinomastat-treated mice and adjusting for the survival time. The main effects of treatment and survival and the interaction between treatment and survival were tested. Animals were grouped based on the calendar time they were studied, and these groupings were included in the analysis. For the analysis of EGFP mRNA detection by reverse transcriptase-PCR, the mean percent change in EGFP expression from the control to the treated group was determined and the associated 95% confidence interval (CI) was calculated using the SD obtained by the delta method. The treatment effect on TH immunohistochemistry was tested using two-sample t test. EA, MVD, and MVS measurements on PECAM/CD31-stained sections were compared between the control and the Prinomastat-treated mice, using ANOVA. To compare the detection of macroscopic liver nodules in mice injected i.v. with neuroblastoma cells between the treated and the untreated group, we used the Kruskal-Wallis test. The percent change in EA and its 95% CI were calculated using the method similar to that for EGFP expression described above. The analyses for MVD and MVS were based on logtransformed data to reduce the heteroscedasticity, in particular, the association between the means and the SDs. Means and 95% CIs were calculated based on the log-transformed data and then transformed back to the original scale. EA was also compared among the control, the mice receiving early treatment of Prinomastat, and the mice receiving late treatment of Prinomastat using ANOVA based on the log-transformed data. The least significant difference method was used for the pairwise comparisons once the overall F test was significant at the 0.05 level. ANOVA was also used to compare EA, MVD, and MVS between the MMP-9-deficient mice and the control mice and to compare hemoglobin concentrations among control, MMP-9-deficient, and Prinomastat-treated control mice. The least significant difference method was used for the pairwise comparisons of hemoglobin concentrations once the overall F test was significant at the 0.05 level. Correlation analyses were done by examining the scatter plots and by calculating the Spearman correlation coefficient.
RESULTS
Tumor Progression in Mice Orthotopically Implanted with Neuroblastoma Tumors. We first evaluated the sequence of tumor progression, including growth of primary tumor, angiogenesis, and formation of distant micrometastases in an orthotopic model of neuroblastoma development. This was achieved by growing tumor fragments derived from EGFP expressing SK-N-BE(2).10 neuroblastoma cells near the left adrenal gland of 15 Scid mice, which were sacrificed at specific time intervals. The systematic histological analysis of primary tumors harvested at days 7, 14, and 21 after implantation identified the contribution of angiogenesis to the growth of the primary tumor (Fig. 1, A and B) . At day 7, a small tumor of the size of the original fragment (mean diameter, 1.0 Ϯ 0.2 mm) was found. This tumor tissue consisted primarily of tumor cells with no evidence of vascularization. At day 14, tumors were the same size (mean diameter, 1.3 Ϯ 0.4 mm), but there was histological evidence of vascularization as indicated by the presence of RBC in capillary structures. At day 21, the tumors were larger (mean diameter, 4.1 Ϯ 0.7 mm) and consisted of islands of neoplastic cells surrounded by stromal septa rich in PECAM/CD31-positive endothelial cells. The appearance of tumor cells in distant organs, including the lung, the liver, and the bone marrow, was detected by EGFP mRNA measurement using real-time reverse transcriptase-PCR (Fig. 1C-E) . On days 14 and 21, the levels of EGFP-expressing tumor cells in these organs were below the detection limit (10 -6 ). On day 28, four of six specimens examined were positive for tumor cells, and by day 35, six of six specimens were positive. The presence of tumor cells in the lung and the liver was confirmed by TH immunohistochemistry on day 35. This analysis revealed an important difference in the localization of the tumor cells between the lung and the liver (Fig. 1, F and G) . In the lung, tumor cells were confined to the inside of blood vessels without evidence of extravasation. In the liver, the cells were located in the parenchyma and showed signs of local invasion.
Neuroblastoma Tumors Express MMP-2 and MMP-9. The presence of MMPs in primary tumors was examined by gelatin zymography (Fig. 2A) . In all samples, a gelatinolytic band comigrating with murine pro-MMP-9 from NIH3T3 cells was detected. The electrophoretic mobility of this MMP in the polyacrylamide gel indicated its murine origin compared with the faster migrating human pro-MMP-9 derived from HT1080 cells. In some specimens (samples 1 and 2), a slightly faster migrating band was also detected. Evidence that this band represents the active form of MMP-9 was obtained by treating the tumor sample with the pro-MMP activator, p-amino phenylmercuric acetate (1 M at 37°C for 30 min). Thus, although MMP-9 was mainly found in a proform, in some tumor samples the activated form was detected. Pro-MMP-2 and MMP-2 were also detected in all tumor samples. Neither pro nor mature MMP-9 was detected in the conditioned medium of the SK-N-BE(2).10 cell line or in an extract from a murine adrenal gland. This observation is consistent with our previously reported finding that in human neuroblas-1677 tomas the expression of MMP-9 is restricted to stromal cells (17) . Pro-MMP-2 and pro-MMP-9 were also present in the lysate of metastatic liver nodules obtained after i.v. injection of tumor cells (experimental metastatic model, see below). In these specimens, the murine origin of pro-MMP-9 was similarly demonstrated by its slower mobility (Fig. 2B) . Complete inhibition of the gelatinolytic activity of these proteases in the gels was achieved by incubation overnight in the presence of Prinomastat at a concentration of 10 ng/ml or higher, confirming that these gelatinolytic activities were because of MMPs (Fig. 2C) .
Effect of MMP Inhibition on Mouse Survival and Tumor Proliferation.
To assess the role of MMP-2 and MMP-9 on neuroblastoma progression, we initiated a series of experiments in which mice orthotopically implanted with neuroblastoma tumors were treated from day 1 after implantation with Prinomastat and examined for primary tumor development. We selected a dose of 100 mg/kg as previously used and documented a mean plasma level of Prinomastat of 2163 ng/ml 1 h after oral administration (n ϭ 5, data not shown). Although we did not examine plasma levels at other times, published pharmacokinetic studies (23) indicate that this selected dose and schedule provide a plasma level constantly Ͼ1 ng/ml, a concentration that is well above the Ki for MMP-2 (0.02 ng/ml) and MMP-9 (0.11 ng/ml). Two experiments involving a total of 38 mice were done, and the data of one experiment, with 17 mice, are presented in Fig. 3A . They indicate a positive effect of Prinomastat on survival that was statistically significant with a median survival of 50 days for the treated group versus 39 days for the control group (P ϭ 0.035). To evaluate the effect of Prinomastat on tumor growth, we performed an additional experiment in 18 mice. These mice (9 treated and 9 untreated) were sacrificed 28 days after implantation, and BrdUrd was injected i.v. before sacrifice to measure tumor cell proliferation. We observed a mean wet tumor weight of 0.22 g (95% CI ϭ 0.06 -0.37) in the treated group compared with 0.47 g (95% CI ϭ 0.09 -0.86) in the untreated group (Fig. 3B) . The range of tumor weights in the control group was large, and the difference between the two groups was not statistically significant (P ϭ 0.17). However a more precise measurement of tumor growth such as the analysis of BrdUrd incorporation in tumor cells (Fig. 3C to E) indicated a decrease in BrdUrd-positive tumor cells with a mean of 60.9% positive tumor cells in treated mice versus 79.4% in the control group. This difference was small but statistically significant (P ϭ 0.007). The 1678 data are consistent with Prinomastat having an inhibitory effect on tumor cell proliferation, although not sufficient to influence tumor mass.
Effect of MMP Inhibition on Lung and Liver Colonization. Considering the well-known involvement of MMPs in tumor metastasis (1, 2, 4), we examined the effect of Prinomastat treatment on the development of spontaneous micrometastases. This analysis was performed by real-time reverse transcriptase-PCR quantification of EGFP mRNA in samples of lung and liver harvested from mice treated and not treated with Prinomastat. In the lung, there was a significant inhibition in the tumor burden detected after Prinomastat treatment (decrease by 73.8%, 95% CI ϭ 40.9 -100, P ϭ 0.03) compared with untreated mice, after adjusting for the survival time. Furthermore, there was a slower rate of increase of EGFP detection with time in Prinomastat treated mice compared with the control group (P ϭ 0.022 for the interaction term; Fig. 4A ). In the liver, Prinomastat had no effect on tumor burden (P ϭ 0.52; Fig. 4B ). Immunohistochemistry of TH in these organs consistently indicated an inhibitory effect of Prinomastat treatment on the presence of neoplastic cells in the lung but not in the liver (Fig. 4 , C and D, P Ͻ 0.001 for the lung, P ϭ 0.10 for the liver). As previously observed, tumor cells were confined to the inside of blood vessels in the lungs, whereas in the liver, they were present in the parenchyma (Fig. 4E-H) . To confirm the absence of effect of Prinomastat treatment on liver colonization, we tested its effect on the formation of macroscopic experimental metastases in the liver after i.v. injection of tumor cells. For this experiment, three groups of 15 mice each, injected i.v. with SK-N-BE(2).10 cells, were examined 28 days after injection for the presence of macroscopic metastatic tumor nodules on the surface of the liver. Treatment with Prinomastat was initiated either 48 h before tumor cell injection (early treatment) or 48 h after tumor cell injection (late treatment), and control mice were treated with the vehicle solution. The data (Table 1) revealed no difference in the number of mice developing macroscopic liver metastases and in the number of macroscopic liver nodules among the three experimental groups (P ϭ 0.66). These data confirm an absence of involvement of MMPs in neuroblastoma liver colonization.
MMPs Contribute to Neuroblastoma Angiogenesis. We also examined the effect of Prinomastat on angiogenesis in primary orthotopic tumors by immunodetection of cells expressing the endothelial cell marker PECAM/CD31. We performed three independent measurements on whole tumor sections stained for PECAM/CD31 to calculate the EA, the MVS, and the MVD using a recently reported computerized method developed in our laboratory ( Fig. 5A; Ref. 21) . Prinomastat had no effect on the MVD (P ϭ 0.95) but had a significant inhibitory effect on the EA (average, 39.3% reduction, 95% CI ϭ 9.9 -48.7, P Ͻ 0.001) and on the MVS (average, 48.8% reduction, 95% CI ϭ 6.4 -58.9, P ϭ 0.004). There was a weak correlation between EA and MVS in this experiment (r ϭ 0.41). However, this association did not reach statistical significance (P Ͼ 0.10) because the number of animals for this analysis (n ϭ 18) was limited. Thus, the data suggest that a primary effect of MMP inhibition on angiogenesis is on the size of the blood vessels rather than on their number. This was confirmed by routine microscopic examination of PECAM/CD31-stained sections (Fig. 5, B and C) . When this analysis was performed on experimental liver metastasis in mice injected i.v. with SK-N-BE(2).10 cells, a similar inhibitory effect of Prinomastat on EA was observed (P ϭ 0.001, data not shown).
Stromal MMP-9 Contributes to Neuroblastoma Angiogenesis and is Expressed by Vascular Cells. Because both MMP-2 and MMP-9 are present in this model of neuroblastoma progression and both proteases are effectively inhibited by Prinomastat, the above described experiments do not discriminate between the specific contributions of each MMP to angiogenesis. We exploited the observation that in neuroblastoma, MMP-9 is exclusively expressed by stromal cells and generated MMP-9 null mice in a RAG1-deficient background. Control RAG1 ko/ko mice (n ϭ 13) and RAG1 ko/ko /MMP-9 ko/ko mice (n ϭ 12) were implanted with SK-N-BE(2).10 tumor fragments obtained from s.c. tumors grown in RAG1 ko/ko /MMP-9 ko/ko mice to ensure an absence of MMP-9 in the implant. The tumors were harvested 2 and 4 weeks after implantation. As anticipated, pro-MMP-9 was not detectable by zymographic analysis in tumor extracts derived from MMP-9 ko/ko mice but was present in tumors obtained from control mice. In contrast, tumors from both types of mice contained a similar amount of pro-MMP-2, indicating that MMP-2 expression did not compensate for a lack of MMP-9 expression in tumor tissue (Fig. 6A ).
Similar to our previous studies with Prinomastat, we observed no significant difference in MVD in PECAM/CD31-stained sections of primary tumors among both groups (mean MVD, 12.03 vessels/ 10,000 pixels in MMP-9 ko/ko mice versus 12.79 in control mice, P ϭ 0.41; Fig. 6B ). However, the mean values for EA and MVS in tumors derived from MMP-9 ko/ko mice were significantly lower compared with the mean values obtained in tumors in the control group (mean EA ϭ 4.46%, 95% CI ϭ 4.15-4.77 in MMP-9 ko/ko mice and 6.17%, 95% CI ϭ 5.90 -6.44 in control, P ϭ 0.043; mean MVS ϭ 36.14 pixels, 95% CI ϭ 33.24 -39.04 pixels in MMP-9 ko/ko ; and 49.01 pixels, 95% CI ϭ 46.96 -51.53 pixels in control, 1679 P ϭ 0.037). Consistently, we observed smaller microvessels in MMP-9-deficient mice by histological examination (Fig. 6, C and D) . There was a statistically significant correlation between EA and MVS in all tumors (n ϭ 25) with larger vessel sizes leading to greater EA (r ϭ 0.82; P Ͻ 0.001).
In previous other tumor models, e.g., skin carcinogenesis (7) and ovarian cancers (24) , MMP-9 expressed by inflammatory cells like mast cells and macrophages has been found to contribute to angiogenesis. Accordingly we determined the origin of MMP-9 by immunohistochemistry. We observed the presence of the protein in the tumor stroma and in connective tissue septa surrounding nodules of tumor cells where it was predominantly present around blood vessels and in vascular cells. Consistently, no protein was detected in tumors derived from MMP-9 ko/ko mice (Fig. 7) . Taken together, the observation that MMP-9 is predominantly present in vessels and the observation that smaller vessels are present in tumors derived from MMP-9 ko/ko mice suggest that MMP-9 has a direct role in regulating vasculature architecture.
Effect of MMP-9 on Tumor Vascular Architecture. To confirm the effect of MMP-9 on blood vessel size and determine whether it is affecting the formation of mature perfused (carrying red cells) blood vessels, we used a plug of polymerized Matrigel mixed with SK-N-BE(2).10 cells and implanted into RAG1 ko/ko /MMP-9 ko/ko (n ϭ 5) and RAG1 ko/ko control mice untreated (n ϭ 6) and treated (n ϭ 6) with Prinomastat. Ten days after implantation, the plugs were collected and examined for hemoglobin concentration and for the presence of blood vessels on routine H&E-stained sections. In contrast to PECAM/CD31 immunohistochemistry, this assay, which measures hemoglobin concentration, is a better index of vascularization. Plugs implanted in MMP-9 ko/ko mice and in Prinomastat-treated control mice were macroscopically less vascularized than plugs implanted in untreated control mice (Fig. 8A) . Consistently, we observed a significant decrease in hemoglobin concentration in plugs derived from MMP-9 ko/ko mice (mean hemoglobin concentration ϭ 0.74 g/dl, 95% CI ϭ 0.18 -1.29, P Ͻ 0.001) and from Prinomastat-treated control mice (mean hemoglobin concentration ϭ 1.34 g/dl, 95% CI ϭ 0.83-1.85, P Ͻ 0.001) when compared with untreated control mice (mean hemoglobin concentration ϭ 3.32 g/dl, 95% CI ϭ 2.81-3.82, the overall P for comparing the three groups in terms of hemoglobin concentration was Ͻ0.001; Fig. 8B ). Interestingly, whereas Matrigel plugs obtained from untreated control mice contained numerous microvascular structures filled with RBC located around clusters of tumor cells, plugs obtained from MMP-9 ko/ko mice or treated control mice contained fewer vascular structures that were empty of RBC, suggesting an effect of MMP-9 on the formation of an organized vascular network (Fig. 8C-E) .
We next used fluorescent angiography in vivo in orthotopic tumors derived from SK-N-BE(2) cells that do not express EGFP and compared the vascular architecture between MMP-9 ko/ko and control mice (Fig. 9) . This analysis revealed a marked difference in vascular organization between tumors derived from MMP-9 ko/ko mice and tumors derived from control mice. In small (Ͻ1.5 mm in diameter) tumors obtained 15 days after implantation, some blood vessels stained with FITC-lectin were seen in control mice, whereas in MMP-9 ko/ko mice, only rare fluorescent microvessels were detected, and areas of extravasated FITC-lectin were seen. In larger tumors obtained at days 23 and 31 after implantation, a significant network of fluorescent microvessels was detected in tumors from control mice, whereas in tumors from MMP-9 ko/ko mice, only a few blood vessels were observed, and there was little evidence of vascular organization.
To obtain additional insight into the role of MMP-9 on the tumor vasculature and, in particular, to evaluate the ability of newly formed microvessels to recruit pericytes, sections of primary orthotopic tumors derived from MMP-9 ko/ko mice and control mice were immunostained for the presence of SMA. This analysis revealed a significant difference between MMP-9 ko/ko and control. In tumors from control mice, SMA-positive pericytes formed a uniform layer around vascular structures containing RBCs. In contrast, in tumors derived from MMP-9 ko/ko , the layer of SMApositive cells was discontinuous, suggesting a lack of pericyte recruitment along blood vessels in MMP-9 ko/ko mice (Fig. 10, A  and B) . This observation was confirmed by transmission electron microscopy analysis of these tumor samples. In tumors derived from control mice, a uniform and continuous layer of pericytes was detected around the endothelial cells. In tumors derived from MMP-9 ko/ko mice, few pericytes were detected, and they only partially surrounded the endothelial layer (Fig. 10, C and D) . To quantify this lack of pericyte recruitment, tumor sections were then double stained for the presence of endothelial cells using an anti-PECAM/CD31 antibody and pericytes using an anti-SMA antibody. A Cy3 (red)-labeled secondary antibody for PECAM/ CD31 and a FITC (green) secondary antibody for SMA was then used to analyze sections for the presence of endothelial cells (red) and pericytes (green) by double fluorescence (Fig. 10, E and F) . 
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The presence of endothelial cells and pericytes in tumor sections was then quantified by calculating the red (endothelial cells) or green (pericytes) fluorescent area in six fields for each tissue section examined using Metamorph 4.6 software. The recruitment of pericytes along endothelial cells was quantified by calculating the ratio green fluorescence:red fluorescence. The data show a statistically significant decrease in pericytes (P ϭ 0.0003) and to a lesser degree in endothelial cells (P ϭ 0.041) in tumors derived from MMP-9 ko/ko mice when compared with controls (Fig. 10G) . The mean ratio pericyte:endothelial cell in tumors from MMP- ko/ko mice was 2.3, which represent a 48% decrease compared with a mean ratio of 4.87 in tumors derived from control mice (P ϭ 0.023; Fig. 10H ). Thus, the data point to a specific role for MMP-9 in the formation of mature blood vessels by promoting the recruitment of pericytes along endothelial cells.
DISCUSSION
The orthotopic tumor model used in this study was particularly suitable to examine the role of MMPs and more specifically the contribution of stromal MMP-9 in neuroblastoma for two reasons. First, as indicated in our time course analysis, it reproduced the natural sequence in tumor progression with an initial phase of vascularization of the implant followed by stimulation of tumor growth and ultimately metastatic colonization. Second, this model reproduced a pattern of MMP-9 expression restricted to stromal cells as previously reported in human neuroblastoma by us and seen in other cancers (7, 17, 24) . This model was therefore selected to examine the role of MMP in neuroblastoma progression using pharmacological and genetic approaches. Prinomastat was selected for the pharmacological approach because of its higher inhibitory activity for MMP-2 and MMP-9 compared with other MMPs such as MMP-1 and MMP-7 and its documented activity in several human tumor xenograft models (25) (26) (27) .
There is a large body of literature supporting an important and positive contributory role of MMPs in cancer metastasis, including skin, colon, breast, and prostate. Some of this evidence comes from observations showing a positive correlation between the presence and expression of these MMPs and the metastatic stage of a cancer (28, 29) . Other evidence comes from studies demonstrating that enhanced expression of MMPs in tumor cells increases their invasive and metastatic potential (30, 31) and, vice versa, that down-regulation of these MMPs by antisense strategies or by overexpression of natural inhibitors inhibits metastasis (32, 33) . The antimetastatic activity of natural and synthetic inhibitors of MMPs has also been well demonstrated in preclinical models (26, 34 -36) . It has been generally assumed that the major role of MMPs in metastasis is to promote the invasion of tumor cells and their ability to extravasate and colonize distant organs. However, some investigators have shown that tumor cells overexpressing a natural inhibitor of MMPs such as TIMP-1 can extravasate (37, 38) , and we have previously demonstrated that forced expression of TIMP-2 in melanoma cells does not inhibit spontaneous metastasis (39) . Studies of cellular invasion in tumor-prone mouse models harboring homozygous deletions in the MMP-9 gene or in cancer patients treated with MMP inhibitors also do not reveal impaired migratory or invasive behavior of neoplastic cells (11, 40) . Consistently, our data demonstrate that MMP-2 and MMP-9 do not contribute significantly to neuroblastoma extravasation and liver colonization in our orthotopic and experimental metastatic models. Accordingly, we observed that Prinomastat did not inhibit the invasion of neuroblastoma cells through a Matrigel-coated filter (data not shown).
The inhibitory effect of Prinomastat on the presence of tumor cells in the lung vasculature is an intriguing and not entirely understood observation. Neuroblastoma rarely metastasizes to the lung, and in our model, although tumor cells were found in the lung vasculature, they never truly metastasized and never formed macroscopic nodules as observed in the liver. It is conceivable that lung colonization reflects the hematogenous spread of the tumor cells as a consequence of the degree of angiogenesis in the primary tumor. However, in this case, one would anticipate less liver metastasis in Prinomastat-treated mice, which was not the case. We also did not find a correlation between MVS and EA in the primary tumor and metastases in lung, liver, and bone marrow (data not shown). Alternatively, Prinomastat may affect tumor cell arrest, proliferation, and survival in the lung vasculature. For example, investigators have shown that B16 melanoma cells and breast carcinoma cells arrest in the lung vasculature where they attach to the pulmonary endothelium and proliferate without extravasating (41, 42) . In our studies, we found a decrease in the percentage of Ki67-positive (proliferating) tumor cells in the lung of Prinomastattreated mice and no difference in terminal deoxynucleotidyl transferase-mediated nick end labeling-positive apoptotic cells (data not shown), suggesting that the inhibitory effect of Prinomastat on lung colonization may involve inhibition of proliferation of tumor cells inside the lung vasculature. The exact mechanism by which Prinomastat inhibits lung colonization will require additional investigation. Consistent with our observation is the observation of Hiratsuka et al. (43) who recently reported in a mouse model that MMP-9 is induced in premetastatic lung endothelial cells and macrophages by a distant primary tumor and that suppression of MMP-9 markedly reduces lung metastases.
In the tumor microenvironment, MMP-9 is expressed by a variety of stromal cells. Our studies demonstrate that vascular cells are an important source of MMP-9 and that MMP-9 positively contributes to neuroblastoma angiogenesis. However, in squamous epithelial carcinomas, MMP-9 is predominantly expressed by inflammatory cells such as mast cells, neutrophils, and macrophages, and its expression and activation coincides with angiogenic switch in premalignant lesions (7) . In a murine model of pancreatic cancer, MMP-9 expression by inflammatory cells similarly coincides with the formation of angiogenic islands, and this process is delayed in the presence of an MMP inhibitor (11) . Other investigators have shown that MMP-9 expressed by macrophages that colonize ovarian tumors in mice contributes to angiogenesis and ascites formation (24) . Thus, depending on the type of tumor, both inflammatory cells and vascular cells can contribute to MMP-9 production.
Our data with Prinomastat treatment and MMP-9-deficient mice both point to a contribution of MMPs to angiogenesis in neuroblastoma. Whereas experiments with Prinomastat did not allow differentiation between a role for MMP-2 or MMP-9, experiments in MMP-9-deficient mice indicate that genetic ablation of this single MMP was at least as effective as the MMP inhibitor, pointing therefore to an important role for MMP-9 in angiogenesis. The contribution of MMP-9 to tumor vascularization is complex and involves both stim- 1684 ulatory and inhibitory effects. MMP-9 promotes vascular endothelial cell invasion upon stimulation by protein kinase C activation or thrombospondin-1 (44, 45) and promotes endothelial cell morphogenesis (13) . It also increases the bioavailability of vascular endothelial cell growth factor (11) . MMP-9 can also inhibit angiogenesis because of its proteolytic effect on plasminogen to generate the angiogenesis inhibitory peptide, angiostatin (46) , and on collagen type IV ␣3 chain to generate tumstatin (47) . Interestingly, MMP-9-deficient mice have a normal estrous cycle, breed normally, and undergo normal pregnancies, suggesting an absence of necessary involvement for MMP-9 in the physiological vascular response associated with these processes. However, MMP-9-deficient mice have an abnormal pattern of skeletal growth plate vascularization and ossification, resulting in a transient lengthening of the growth plate to about eight times normal. This effect involves a delayed release of angiogenic activators (19) . There are, however, significant differences between these physiological processes and tumor angiogenesis (48) .
The exact mechanism by which MMP-9 contributes to angiogenesis in neuroblastoma has thus far not been explored. It is unlikely related to changes in vascular endothelial cell growth factor bioavailability because we did not observe changes in vascular endothelial cell growth factor solubility in tumors derived from Prinomastat-treated mice compared with controls (data not shown). The analysis of angiogenesis in our orthotopic neuroblastoma model indicated a significant inhibitory effect of MMP inhibition and genetic ablation of MMP-9 on microvessel size and EA and an insignificant effect on MVD. Three lines of evidence supporting the hypothesis that MMP-9 is important to the architecture of the tumor vasculature and the formation of mature blood vessels were then obtained. The Matrigel plug implantation experiment indicated a marked decrease in hemoglobin concentration, an indicator of the perfusion of the tumor vasculature, in plugs derived from Prinomastat-treated mice and MMP-9-deficient mice compared with plugs derived from control mice. Fluorescent angiography then provided more definitive evidence by demonstrating a significant difference in tumor vascular architecture between MMP-9-deficient and control mice, with a marked inhibition in the formation of perfused microvessels in the absence of MMP-9. We then discovered that the basis for this difference in vascular architecture was in the organization of pericytes along endothelial cells. We observed a 48% decrease in pericyte recruitment along microvessels in the absence of MMP-9, indicating, for the first time, that MMP-9 may play a critical role in recruiting pericytes in the vasculature. Pericytes are cells of smooth muscle cell lineage that become associated with endothelial cells as soon as they form a primitive blood vessel network (49, 50) . In tumor angiogenesis, the role of pericytes has recently been recognized as promoting the maturation of newly formed blood vessels and preventing their regression (51) . The longitudinal spreading of pericytes along blood vessels depends on PDGF-B produced by endothelial cells and PDGF receptor-␤ expressed by pericytes (52) . Whether MMP-9 has a direct effect on pericyte or affects PDGF-B/PDGF-␤ interaction is unknown but presently investigated. Interestingly, in a recent study, Spurbeck et al. (53) demonstrated that forced expression of tissue inhibitor of metalloproteinase-3 in murine neuroblastoma and melanoma tumors resulted in an unanticipated increase in the number of PECAM/CD31-positive endothelial cells but a decreased pericyte recruitment. In additional support for a role of MMP-9 in pericyte recruitment is the observation that MMP-9 expression is localized to the perivascular smooth muscle cells and pericytes at the proliferating borders of human glioma (54) and in pericytes of venules in ulcerative bowel disease (55) . Accordingly, we observed a strong expression of MMP-9 in vascular and perivascular cells in neuroblastoma tumors.
In summary our work points out that different types of tumors use MMP-9 in different and distinctive ways and that MMP-9, although derived from stromal cells in most cases, can be vascular or inflammatory in origin. By demonstrating the contribution of MMP-9 to the formation of a capillary network in tumors and the recruitment of pericytes, our data provide a new insight into the multiple contributions of stromal MMP-9 to tumor angiogenesis and progression.
